Ligation of the lymphotoxin β receptor (LTβR) has been shown to induce both tumor growth inhibition and promotion. The functions of LTβR in these two contrasting cellular processes require further study. We demonstrated here that mice deficient in LTβR ligands, LTα, LIGHT or both LTβ and LIGHT, exhibit greater susceptibility to methylcholanthrene-induced tumor development. LTα, LTβ and LIGHT were expressed in tumor-infiltrating immune cells, and LTβR was expressed on human colon carcinoma and soft tissue sarcoma (STS) cells. Human LTβR agonist monoclonal antibody (mAb) BS-1 induced both growth inhibition and NF-κB activation in human colon carcinoma, mammary carcinoma and STS cells. Interestingly, BS-1 also significantly inhibited growth of doxorubicin-resistant and radiation-resistant human STS cells in vitro. In the molecular mechanism level, we demonstrated that BS-1 induces caspases 8 and 3 activation and cytochrome c release in tumor cells, suggesting that the LTβR mediates apoptosis at least partially through a caspase-dependent mechanism. Furthermore, mouse LTβR mAb ACH6 suppressed colon carcinoma cell metastatic potential in an experimental metastasis mouse model. Although blocking NF-κB activation did not alter tumor cell growth rate and tumor cell response to LTβR mAb-induced growth inhibition in vitro, surprisingly, blocking NF-κB activation significantly enhanced colon carcinoma cell metastatic potential in vivo, suggesting that the LTβR-mediated apoptosis pathway and NF-κB signaling pathway might cooperate to suppress tumor growth in vivo. In summary, our findings determine that LTβR mediates tumor cell apoptosis in colon carcinoma, mammary carcinoma and sarcoma and that LTβR-activated NF-κB potentially functions as a tumor suppressor.
Introduction
Lymphotoxin β receptor (LTβR) was originally discovered in the context of lymph node development, and it has since been increasingly appreciated that the LTβR signaling pathway is involved in inducing apoptosis in tumor cells (1) (2) (3) (4) (5) . Furthermore, it has been shown that LTβR agonist monoclonal antibody (mAb) effectively inhibits human colorectal tumor growth in a xenograft mouse model (6) . LIGHT gene transfer therapy also leads to increased apoptosis and suppression of tumor formation in vivo (2) . These data thus suggest that LTβR functions as a death receptor that mediates ligand-dependent tumor suppression. The specific expression of LTα1LTβ2 and LIGHT on immune cells and the expression of LTβR on tumor cells suggest that immune cells might use LTα1LTβ2 and LIGHT to engage the LTβR on tumor cells to execute antitumor cytotoxicity. Indeed, it has been shown that LTα1LTβ2 expressed on dendritic cells and NK cells directly induce apoptotic killing of cancer cells (3, 4) . We have recently shown that LTβ is constitutively expressed in T lymphocytes, whereas LTα and LIGHT are only expressed in activated T cells (7) . Additionally, we and others have shown that LTβR mediates cytotoxic T lymphocyte-exerted antitumor cytotoxicity in vivo (7) (8) (9) . These observations lead to the proposal to target LTβR to suppress tumor development in human cancer therapy (6) .
Although it is well documented that LTβR functions as a death receptor that mediates tumor cell apoptosis, LTβR might be a doubleedged sword. Ligation of LTβR also activates NF-κB (10) , and sustained LTβR signaling leads to NF-κB-mediated inflammation and hepatocellular carcinoma (HCC) development (11, 12) . Constitutive expression of LTα and LTβ in liver cells (in LTα and LTβ double transgenic mice) leads to chronic hepatitis at 9 months and HCC at 12 months (11) . Therefore, although LTα and LTβ are not expressed in liver cells under physiological conditions, this seminal study indicates that sustained LTβR signaling can also lead to NF-κB-dependent chronic inflammation that promotes HCC development (11) . Furthermore, NF-κB also increases LTβ production and promotes prostate cancer development through a B-cell-dependent mechanism (13) . In addition, other classical tumor necrosis factor (TNF) death receptors, including TRAIL receptor and Fas, also mediate NF-κB activation. Therefore, it is a general phenomenon that TNF superfamily death receptors mediate both apoptosis and NF-κB activation in tumor cells. These observations prompt the proposal to inhibit TNF death receptor signaling to suppress NF-κB-dependent inflammation and tumor promotion (11) .
Currently, it is clear that ligation of the LTβR directly induces tumor cell apoptosis and inflammation-related gene expression. However, the debate is whether the LTβR-initiated signals should be activated or blocked in cancer therapy (6, 7, 9, 11, (14) (15) (16) . This debate is similar to that for TNFα. TNFα is an approved anticancer agent that is currently used in soft tissue sarcoma (STS) therapy in the clinic (17) . However, TNFα is also a potent NF-κB activator and inhibiting TNFα function has been proposed in cancer therapy (18) . Because of these contrasting observations concerning the role of LTβR in tumor development, it is important to further examine the functions and underlying molecular mechanisms of LTβR in apoptosis and tumor development in both mouse tumor models and in human cancers.
Materials and methods

Mice
BALB/c (H-2
d ) mice were obtained from the National Cancer Institute (Frederick, MD). LTα knockout (KO) mice on a C57BL/6J background were obtained from the Jackson Laboratory. LIGHT KO and LTβ/LIGHT double knockout (DKO) mice were maintained in Sanford Burnham Medical Research Institute. All mice were housed, maintained and studied in accordance with approved National Institutes of Health and Georgia Health Sciences University guidelines for animal use and handling.
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LTβR ligand-deficient chimera mice Bone marrow was prepared from wild-type (wt), LTα, LIGHT and LTβ/ LIGHT KO mice. wt C57BL/6J mice were irradiated with a dose of 950 rad. Bone marrow cells (5 × 10 6 cells/mouse) were injected intravenously (i.v.) into the irradiated recipient mice 4 h later. Eighteen days later, methylcholanthrene (MCA) was injected into the chimera mice (100 μg/mouse in peanut oil) at the right flank to induce spontaneous sarcoma.
Tumor cells
Human tumor cell lines were obtained from ATCC (Manassas, VA). Mouse colon carcinoma cell line CT26 was also obtained from ATCC. Mouse sarcoma cell line CMS4 was created as described previously (7) .
Tumor cell growth measurement
Human tumor cells were seeded in 96-well plates and treated with recombinant interferon-γ (100 units/ml) and humanized tetravalent anti-LTβR mAb [bispecific-1 (BS-1), 100 ng/ml or as indicated] for 5 days. Mouse tumor cells were seeded in capture mAb-coated 96-well plates in the presence of antimouse LTβR agonist mAb (clone ACH6, 100 ng/ml) as described previously (6) . Tumor cell growth was measured using 3-(4,5-dimethylthiazole-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) cell proliferation assay kit (ATCC). For caspase inhibition assay, Z-VAD (Enzo Life Science, Farmingdale, NY) was added to the cell culture to a final concentration of 25 μM for 1 h, followed by addition of BS-1 to the culture.
Anti-LTβR agonist antibody
BS-1 is a tetravalent antibody constructed using humanized forms of the antihuman LTβR mAbs CBE11 and BHA10 as described previously (19) . CBE11 formed the basic antibody core and an scFv version of BHA10 was coupled to the C terminus of the CBE11 heavy chain via a (G 4 S) 2 linker. CBE11 and BHA10 bind to different regions of LTβR and therefore BS-1 can create larger oligomeric aggregates of the receptor compared with the parent bivalent antibodies. The tetravalent form was comparable in activity to the decavalent IgMlike forms described previously and is believed to deliver a maximal agonist signal (6) . Using an IL-8 release assay with A375 melanoma cells, the ED 50 for cytokine release was at 3-4 ng/ml. Hamster anti-mouse LTβR mAb (clone ACH6) was described previously (6) .
Western blot analysis
Western blot analysis was done essentially as described previously (20, 21) . Anti-pIκBα antibody (Santa Cruz Biotech) was used at 1:1000 dilution, antip100/p52 antibody (Cell Signaling, Danvers, MA) at 1:500 dilution, anticleaved caspase 8 antibody (R&D System) at 1 μg/ml, anticleaved caspase 3 antibody (Cell Signaling) at 1:500 dilution, anti-cytochrome c antibody (BD Biosciences, San Diego, CA) at 1:1000 dilution and anti-β-actin antibody (Sigma, St Louis, MO) was used at 1:8000 dilution.
Analysis of tumor-infiltrating immune cells
Tumor-infiltrating immune cells were analyzed as described previously (22) . Briefly, CT26 cells were injected into BALB/c mice i.v. Lungs were collected from tumor-bearing mice ~21 days later and digested with collagenase solution to make a single-cell suspension. The single-cell suspension was stained with LTα-or LTβ-specific mAbs (BD Biosciences) in combination with CD4-, CD8-, CD11b-or NK(DX5)-specific mAbs (Biolegend, San Diego, CA), respectively. The stained cells were analyzed by flow cytometry. Subsets of tumor-infiltrating immune cells were isolated with BioMag® SelectraPure™ anti-mouse CD8a magnetic particles, BioMag® SelectraPure™ anti-mouse CD4 magnetic particles (Polysciences, Warrington, PA) and IMag™ anti-mouse CD11b magnetic particles (BD Biosciences). To purify NK cells, cell digests were incubated with antimouse Pan NK cells mAb (clone DX5), washed in phosphate-buffered saline and incubated with BioMag® goat anti-rat IgM magnetic particles (Polysciences).
Cell surface LTβR analysis
Tumor cells were stained with anti-LTβR mAb (Biolegend), followed by fluorescein isothiocyanate-conjugated anti-mouse IgG mAb (Southern Biotech, Birmingham, AL). The cells were analyzed with flow cytometry.
Reverse transcription-polymerase chain reaction analysis
Reverse transcription-polymerase chain reaction (RT-PCR) primer sequences and procedures were as described previously (7, 23) . Mouse IKKβ primer sequences are forward: 5′-ATTGCTGCTGGCTTGGCG-3′ and reverse: 5′-GCTGTCACCTTCTGTCCTTTGG-3′.
Tumor cell transfection CT26 cells were stably transfected with pcDNA and pcDNA containing the NF-κB supersuppressor IκBα-AA [kindly provided by Dr Michael Karin, University of California, San Diego, CA and Dr Anning Lin, University of Chicago, IL (24) ]. The transfected cells were propagated and maintained in culture medium containing Geniticin (Invitrogen, Grand Island, NY). MES-SA/ DX5 and HT29 cells were transfected with pcDNA, pcDNA.IKKα-KM and pcDNA.IKKβ-KA (provided by Dr Warner C.Greene, University of California, San Francisco, CA) to establish stable cell lines as described previously (25) .
Gene silencing CT26 cells were stably transfected with scramble shRNA (GGAATCT-CATTCGATGCATAC) plasmid and IKKβ-specific shRNA (TCCCTTATG-ACACGTAATCCTAA) plasmid (SABiosciences, Germantown, MD), respectively. The transfected cells were propagated and maintained in culture medium containing Geniticin (Invitrogen).
NF-κB activation assay NF-κB activation was analyzed using electrophoretic mobility shift assay (EMSA) as described previously (26) . For specificity controls, unlabeled probe was added to the reaction at a 1:100 molar excess. p65-, p50-and p52-specific antibodies (Santa Cruz Biotech) were also included to identify NF-κB-specific DNA binding. For luciferase reporter assay, tumor cells were transfected with a NF-κB luciferase reporter plasmid (ClonTech) and analyzed using the luciferase assay system (Promega, Madison, WI).
Immunohistochemistry
Human colorectal cancer tissue microarray (TMA) slides were obtained from the National Cancer Institute-sponsored Cooperative Human Tissue Network. The TMA slides were stained with the anti-LTβR mAb [clone BDA8 (6)] as described previously.
mAb and cytotoxic T lymphocyte immunotherapy
Tumor-specific cytotoxic T lymphocytes (CTLs) were generated from perforindeficient BALB/c mice as described previously (22) . CT26 cells were injected i.v. into mouse tail vein. Five days later, tumor-specific CTLs were injected into the tumor-bearing mice. Lung metastasis was analyzed as described previously (20) . For mAb therapy, CT26.pcDNA and CT26.IκBα-AA cells were injected into mice i.v. IgG or ACH6 mAb (50 μg/mouse) was injected into tumor-bearing mice at days 3, 6 and 9 after tumor transplantation. Mice were analyzed 14 days after tumor transplantation.
Statistical analysis
All statistical analyses were performed using SAS 9.2 software or with twotailed t-test. Statistical significance was assessed using an alpha level of 0.05.
Results
LTβR ligands were induced in tumor-infiltrating immune cells
To determine whether the LTβR ligands, LTα1LTβ2 and LIGHT, are expressed in immune cells in the tumor microenvironment, CT26 cells were injected into BALB/c mice i.v. Lungs were collected from tumor-bearing mice and digested with collagenase solution to make a single-cell suspension. CD4 + , CD8 + , CD11b + and NK cells were purified from the tumor cells and used for RT-PCR analysis of LTα, LTβ and LIGHT mRNA level. The LTα mRNA level was weak to high in all four subsets of immune cells except in CD4 cells from one mouse, whereas the LTβ mRNA level was high in all four subsets of immune cells except in NK cells from one mouse ( Figure 1A ). Although it was reported that LIGHT is only expressed in activated T cells (27) , it seems that the LIGHT mRNA level is relatively high not only in tumor-infiltrating T cells but also in tumor-infiltrating CD11b + and NK cells ( Figure 1A ). To determine LTα and LTβ protein levels on the cell surface, a single-cell suspension as described above was double stained with LTα-or LTβ-specific mAb in combination with CD4-, CD8-, CD11b-or NK-specific mAb, respectively, and analyzed by flow cytometry. Although all four subsets of immune cells express LTα and LTβ on their surfaces, the highest level of LTα and LTβ is found on CD8 + T cell surfaces ( Figure 1B and C). Based on these observations, we conclude that the ligands for LTβR are activated in both innate and adaptive immune cells in the tumor microenvironment under pathophysiological conditions.
LTα1LTβ2 and LIGHT played critical roles in cancer immune surveillance against spontaneous sarcoma
Based on the above observations, we reasoned that tumor-infiltrating immune cells might target tumor cells through LTβR-mediated cytotoxicity in vivo. To test this hypothesis, we made use of LTβR liganddeficient mice. The rationale is that if immune cells utilize their LTβR ligands to bind to the LTβR on tumor cells to suppress tumor development, then LTβR ligand-deficient mice should be more prone to tumor induction. Because LTβR ligands are only expressed in immune cells under physiological conditions (3,4,9,27,28), we generated chimera mice with LTβR ligand deficiency only in the immune cells. Bone marrow cells were prepared from wt, LTα KO, LIGHT KO and LTβ/LIGHT DKO mice and transplanted into lethally irradiated wt recipient mice. The chimera mice were then injected with MCA to induce sarcomas. Both the tumor incidence and tumor size are significantly greater in LTα KO, LIGHT KO and LTβ/LIGHT DKO chimera mice as compared with that in wt chimera mice ( Figure 2 ). Our data thus suggest that both ligands of the LTβR, LTα1LTβ2 and LIGHT, play critical roles in suppressing spontaneous sarcoma development under physiological conditions.
Ligation of the LTβR resulted in human tumor cell growth inhibition in vitro
There are contrasting observations regarding the role of LTβR signaling pathways in tumor cell apoptosis and growth promotion. Compelling experimental data have demonstrated that agonist LTβR mAb or recombinant ligand proteins induce apoptosis in tumor cells (1) (2) (3) (4) (5) 19, (29) (30) (31) (32) . However, it was also observed that recombinant LTα1LTβ2 and LIGHT protein promote tumor cell growth (16). Our above observations clearly indicate that immune cell-tumor cell interactions through the LTβR suppress spontaneous tumor development under pathophysiological conditions (Figure 2 ). To define whether LTβR mediates tumor cell apoptosis or growth promotion, we cultured human colon carcinoma cells in the presence of recombinant LTα1LTβ2 and LIGHT proteins and observed that both LTα1LTβ2 and LIGHT significantly inhibit human colon carcinoma cell growth in vitro ( Figure 3A ). To determine whether LTα1LTβ2 and LIGHT specifically interact with the LTβR, excess amount of recombinant LTβR-Fc chimera protein was added to the cell culture. It is clear that LTβR-Fc chimera protein blocked LTα1LTβ2-and LIGHT-mediated human colon carcinoma cell growth inhibition ( Figure 3A) , suggesting that LTα1LTβ2 and LIGHT specifically bind to the LTβR in tumor cells to induce apoptosis. Next, we expanded our study to seven human cancer cell lines (one colon carcinoma, five soft tissue carcinomas and one mammary carcinoma). Incubation of these human tumor cells with a humanized LTβR agonist mAb (clone BS-1) significantly inhibited the growth of six of the seven human tumor cell lines ( Figure 3A) .
LTβR agonist mAb suppressed doxorubicin-resistant STS growth
Doxorubicin is the standard treatment drug for human STS. However, STS cells often develop resistance to doxorubicin, which is currently a major problem in human STS chemotherapy (33) . To determine whether LTβR-based therapy is effective in suppressing doxorubicinresistant STS, we made use of an existing doxorubicin-resistant STS cell line MES-SA/DX5. We confirmed that MES-SA/DX5 is indeed resistant to doxorubicin as compared with the parent cell line ( Figure 3B ). Treatment of MES-SA/DX5 cells with BS-1 significantly inhibited tumor cell growth in vitro ( Figure 3B ). Therefore, our data suggest that LTβR mAb therapy might be effective in cancer therapy against doxorubicin-resistant human STS.
LTβR agonist mAb suppressed radiation-resistant STS cell growth
Adjuvant radiotherapy after surgical resection of tumor is another standard treatment for STS patients. However, resistance to radiation often occurs and results in recurrence and metastasis (33) . To determine whether LTβR agonist mAb is effective in suppressing radiation-resistant STS cells, we first tested the sensitivity of four STS cell lines to ionizing radiation. PLS-1 is a STS cell line that exhibits significant resistance to radiation ( Figure 3C ). SKCMS1, a primary STS cell line, is also resistant to radiation. Two other primary STS cell lines are relatively sensitive to radiation ( Figure 3C ). We treated the radiation-resistant PLS-1 cells with BS-1 and measured tumor growth rate. BS-1 significantly inhibited PLS-1 cell growth ( Figure 3C ), suggesting that LTβR-based therapy is potentially an effective approach to treat radiation-resistant human STS.
Ligation of the LTβR-induced caspase activation and mitochondrion-dependent apoptosis
MES-SA/DX5 cells were then treated with BS-1 and analyzed for caspase activation and cytochrome c release. Analysis of the cytosolic fractions of the tumor cells revealed that BS-1 induces caspase 8 activation that peaked at 12 h ( Figure 3D ). Caspase 8 activation was followed by cytochrome c release and caspase 3 activation ( Figure 3D ). To functionally determine whether BS-1-induced cell death is caspase dependent, we incubated MES-SA/DX5 cells with the caspase inhibitor Z-VAD, followed by addition of BS-1 to the culture. Analysis of cell death showed that Z-VAD blocked BS-1-induced cell death ( Figure 3E ). Thus, our data suggest that BS-1 suppresses STS cell growth at least partially through inducing caspase-dependent apoptosis.
Ligation of the LTβR also induced NF-κB activation in human tumor cells in vitro
It is known that ligation of the LTβR also leads to NF-κB activation (10) . To determine whether LTβR agonist mAb simultaneously induces apoptosis and NF-κB activation in human cancer cells, we measured two signatures of the canonical NF-κB activation pathway: IκBα phosphorylation (pIκBα) and NF-κB electrophoresis mobility shift in human colon carcinoma, mammary carcinoma and STS cells. Western blot analysis indicated that a low level of pIκBα is constitutively present in tumor cells; however, IκBα phosphorylation was quickly increased after BS-1 treatment (Figure 4Aa, 4Ba  and 4Ca ). EMSA also revealed that the canonical NF-κB (p65/p50) is quickly activated (Figure 4Ab, 4Bb and 4Cb) . Therefore, the canonical NF-κB is constitutively active, albeit at a low level, and LTβR agonist mAb induces rapid canonical NF-κB activation in human colon carcinoma, mammary carcinoma and STS cells.
We also analyzed alternate NF-κB activation with one of the signature markers of the alternate NF-κB pathway: NF-κB2 (p100) processing to p52. Western blot analysis revealed that p52 was weakly detectable in the untreated cells, suggesting a low level of constitutive alternate NF-κB activation in the tumor cells. A significant p52 increase occurred at ~4-8 h after BS-1 stimulation and was sustained beyond 24 h (Figure 4Ac, 4Bc and 4Cc) . Therefore, it seems that ligation of the LTβR also activates alternate NF-κB, and NF-κB activation occurs after canonical NF-κB activation. In summary, our data indicate that ligation of the LTβR induces tumor cell growth inhibition, as well as both canonical and alternate NF-κB activation in human colon carcinoma, mammary carcinoma and STS cells.
LTβR was highly expressed in human cancer cells
A previous study has shown that LTβR is expressed in human cancer cells (6) . To determine the relative LTβR levels in various stages of colorectal carcinoma and whether LTβR level is correlated with clinical outcome, we made use of a colorectal progression TMA and used immunohistochemical methods to analyze the LTβR protein level. This TMA contains 14 normal colon tissues, 14 colorectal adenocarcinomas, 7 lymph node metastases of colorectal adenocarcinoma and 7 distal site metastases (4 liver and 3 lung metastases) of colorectal adenocarcinoma. LTβR protein level ranged from 'undetectable' to 'weak' in 13 of the 14 normal colonic mucosa specimens and in 10 of the 14 adenoma specimens. Only one adenoma specimen exhibited high LTβR level. In contrast, the majority of adenocarcinomas (86%), lymph node metastases (100%) and distal metastases (86%) expressed high levels of LTβR protein (Supplementary Figure 1A , available at Carcinogenesis Online). Flow cytometry analysis revealed that LTβR is highly expressed on colon carcinoma cell surfaces (Supplementary Figure 1B , available at Carcinogenesis Online).
We then extended the above study to a large cohort of human colorectal cancer tissues in a TMA containing 341 colorectal adenoma/adenocarcinomas, 27 adenoma and 71 normal colon tissues. Consistent with the above observation, LTβR is weakly expressed in normal human colon tissues and adenoma, but is highly expressed in the majority of adenocarcinomas. Twenty-five percent of adenoma cells are LTβR-positive, whereas 89.5% adenocarcinoma cells are LTβR-positive (Supplementary Table 1 , available at Carcinogenesis Online). Statistical analysis revealed that the expression level of LTβR is not correlated with patient survival and recurrence (Supplementary Figure 2 , available at Carcinogenesis Online), suggesting that LTβR alone does not suppress or promote human colorectal cancer development.
We also analyzed LTβR protein levels in STS specimens. Malignant fibrous histiocytoma derived from three STS patients was stained for LTβR protein. All three specimens showed high levels of LTβR protein (Supplementary Figure 3A , available at Carcinogenesis Online). To quantitatively determine the LTβR protein level, we then analyzed the cell surface LTβR protein in four human STS cell lines (three primary and one recurrent cell line). Overall, as observed in human cancer specimens, LTβR is highly expressed on the surfaces of human STS cells (Supplementary Figure 3B , available at Carcinogenesis Online).
LTβR agonist mAb decreased colon carcinoma metastatic potential in vivo
LTβR ligation can induce apoptosis and NF-κB activation in human tumor cells (Figures 3 and 4) . We reasoned that LTβR-mediated NF-κB activation might interfere with the LTβR-mediated apoptosis, resulting in decreased tumor cell death. Therefore, blocking NF-κB activation should increase the efficacy of LTβR-mediated tumor growth inhibition. To test this hypothesis, HT29 and MES-SA/DX5 cells were stably transfected with the dominant-negative IKKα (IKKα-KM) and IKKβ (IKKβ-KA) mutant plasmids, respectively, to block the alternate and canonical NF-κB pathways. Analysis of sensitivity of these cells to BS-1-induced growth inhibition indicated that blocking the alternate or canonical NF-κB Next, we sought to determine whether NF-κB interferes with LTβR-mediated tumor cell apoptosis in vivo in a mouse tumor model. We first analyzed the role of LTβR in inhibition of mouse tumor cell growth P-labelled NF-κB probe in the presence of IgG, p52, p65, p50, excess cold NF-κB probe and excess cold mutant NF-κB probe. The DNA-protein complexes were analyzed by 6% polyacrylamide gel electrophoresis. The canonical NF-κB (NF-κB1) complex is indicated. (c) Western blot analysis of alternate NF-κB activation. Tumor cells were incubated with BS-1 for the indicated times and analyzed with p100/p52-specific antibody. β-Actin was used as loading controls. and in induction of NF-κB activation in mouse sarcoma (CMS4-met), melanoma (B16F1), mammary carcinoma (4T1) and colon carcinoma (MC38 and CT26) cells. Tumor cells were cultured in the absence or presence of LTβR agonist mAb (clone ACH6). It is clear that ACH6 significantly inhibits the proliferation of all five cell lines in vitro (P < 0.01) (Supplementary Figure 5A , available at Carcinogenesis Online). NF-κB reporter assay of CMS4-met and CT26 cells revealed that, as in human tumor cells, LTβR agonist mAb also induced NF-κB activation in mouse tumor cells (Supplementary Figure 5B , available at Carcinogenesis Online). It has been shown previously that ACH6 induces necrosis and T cell infiltration in established CT26 tumors in vivo (6) . Next, we used this CT26 tumor model, but in an experimental metastasis model system, to determine whether ACH6 suppresses CT26 tumor growth in vivo and whether blocking NF-κB activation increases ACH6-mediated tumor suppression in vivo. CT26 cells were stably transfected with an empty vector of the NF-κB suppressor IκBα-AA (24) . NF-κB reporter assay indicated that IκBα-AA effectively suppresses both constitutive and ACH6-induced NF-κB activation in CT26 cells in vitro ( Figure 5A ). However, IκBα-AA did not significantly alter ACH6-induced growth inhibition in CT26 cells in vitro ( Figure 5A) . Surprisingly, blocking NF-κB activation with IκBα-AA significantly and reproducibly (in five independent experiments) increased CT26 cell metastatic potential in this experimental metastasis mouse model ( Figure 5B ).
A complementary approach was then used to validate the finding that blocking NF-κB promotes tumor development. CT26 cells were stably transfected with either a scramble shRNA or IKKβ-specific shRNA. It has been shown that the canonical NF-κB is activated through IKKβ and blocking LKKβ inhibits the canonical NF-κB activation (11) . Indeed, silencing IKKβ diminished NF-κB activity in CT26 cells ( Figure 5C) . Consistent with what was observed in CT26.IκBα-AA cells, silencing IKKβ significantly enhanced the metastatic potential of CT26 cells in vivo ( Figure 5D ). Taken together, our data suggest that NF-κB acts as a tumor suppressor in this CT26 experimental lung metastasis model.
We then sought to determine whether blocking NF-κB enhances the efficacy of CTL adoptive transfer immunotherapy. To better evaluate the LTβR-mediated cytotoxicity, a perforin-deficient CTL line was used. CT26 tumor cells are resistant to Fas-mediated apoptosis. Therefore, the perforin and Fas-mediated effector mechanisms are impaired in this system. Consistent with the above observation that NF-κB actually functions to suppress colon carcinoma metastasis in vivo, blocking NF-κB did not increase the efficacy of CTL adoptive transfer immunotherapy against colon carcinoma metastasis in this experimental metastasis mouse model ( Figure 6A ). In the next experiment, CT26.Vector and CT26.IkBa-AA tumors were treated with isotype control mAb or ACH6 and lung metastasis was analyzed. ACH6 significantly decreased CT26 cell metastatic potential, and blocking NF-κB activation did not increase ACH6 efficacy in suppression of CT26 metastatic potential in this experimental metastasis mouse model ( Figure 6B and C) . Taken together, our data suggest that the LTβR-mediated apoptosis signaling pathway and the NF-κB signaling pathway might act in concert to suppress tumor development in vivo.
Discussion
Mice with a targeted mutation in LTα exhibited enhanced tumor growth and metastasis in a melanoma tumor model (34) . However, LTα and p53 double-deficient mice showed no significant difference in lymphoma development as compared with p53-deficient mice (35) . In addition, targeted mutation of LTα dramatically decreased tumor growth and metastasis in a prostate cancer mouse model (36) . More recently, it has been shown that LTβR plays a critical role in NF-κB-dependent promotion of HCC and prostate cancer (11, 13) . The ligands for LTβR, LTα and LIGHT, are expressed on activated T cells but not on quiescent T cells (7, 27) . Dysregulation of LIGHT expression on T cells resulted in hypertriglyceridemia and hypercholesterolemia, and constitutive expression of LIGHT via a transgene on T cells and resultant intimate contact between lymphocytes and hepatocytes resulted in altered lipid metabolism and dyslipidemia (37) . On the other hand, although under physiological conditions, LTα and LTβ are not expressed on hepatocytes, constitutive forced expression of LTα and LTβ on hepatocytes mimics hepatitis virus-induced liver inflammation and NF-κB-dependent HCC development (11) . These observations thus suggest that the function of LTβR, as either a tumor suppressor or promoter, might be tumor type and cellular context dependent.
In this study, we used LTβR ligand-deficient chimera mice in which the LTβR ligand deficiencies are only in the immune cells of the tumor-bearing mice. We observed that knocking down either LTα or LIGHT in the immune cells significantly increases carcinogeninduced spontaneous tumor development (Figure 2) . Furthermore, LTβR agonist mAb significantly decreased colon carcinoma metastatic potential (Figure 6 ). However, although the MCA-induced tumor sizes are significantly larger in LTβ/LIGHT DKO mice than those in LTα KO mice (Figure 2B ), the tumor incidence in LTβ/ LIGHT DKO mice is not significantly different from that in LTα or LIGHT KO mice (Figure 2A) , suggesting that there are no additive effects of the two LTβR ligands and the LTα might also function through the TNF receptor. However, it is also possible that the tumor incidence reached a plateau in the LTα and LIGHT single gene KO mice since MCA is a potent carcinogen (Figure 2A ). Further studies are needed to determine the relative contributions of these two ligands in LTβR-mediated tumor suppression. Nevertheless, our data thus suggest that the LTβR-ligand system plays a critical role in host immune cell-mediated suppression of spontaneous sarcoma and colon carcinoma development in the experimental system used in our studies.
The molecular mechanism of LTβR-mediated tumor cell growth inhibition is largely unknown. Previous studies have revealed that TNF receptor-associated factor (TRAF) 2 and TRAF3 (38-40), caspase-independent mechanisms (41), superoxide radical formation (42), kinase activation (31), survivin, IAP1 and Smac (5, 39) and downregulation of Bcl-2 (43) as consequences of LTβR signaling. In this study, we observed that ligation of LTβR in human sarcoma cells induces caspases 8 and 3 activation and cytochrome c release. Therefore, our data demonstrated, for the first time, that LTβR signaling activates caspases to induce mitochondrion-mediated apoptosis. It has also been shown that LTαβ of tumor-specific effector T cells crosslinks the LTβR on tumor cells to stimulate them to secrete chemokines that are chemotactic for macrophages, which might contribute to tumor elimination in vivo (9) . Therefore, LTβR might also mediate tumor suppression through an indirect mechanism.
Because ligation of the LTβR simultaneously activates the apoptosis signaling pathway and induces NF-κB activation and because NF-κB is a potent tumor promoter (12), we hypothesized that blocking NF-κB activation should shift the LTβR-mediated signaling toward the apoptosis pathway. In an attempt to test this hypothesis, we surprisingly but reproducibly observed that blocking NF-κB activation increases colon carcinoma metastatic potential in vivo ( Figure 5 ), suggesting that NF-κB signaling actually functions to suppress colon carcinoma development in vivo. This observation, although unexpected, may not be surprising. Although the prosurvival and tumor promotion roles of canonical NF-κB signaling are well demonstrated (12) , it has also been shown that NF-κB promotes apoptosis in multiple types of cells (15, (44) (45) (46) (47) (48) (49) (50) (51) (52) (53) (54) (55) (56) . More recently, the proapoptotic function of NF-κB in the death receptor-mediated apoptosis pathway has been well demonstrated in tumor cells (53, 55) . Additionally, even though constitutive expression of LTα and LTβ (via transgenes) in the non-hematopoietic liver cells leads to chronic inflammation and HCC (11) , targeted mutation of IKKβ, the kinase that activates canonical NF-κB, actually inhibits hepatocyte apoptosis and promotes carcinogen-induced and spontaneous HCC development (57) (58) (59) . These studies indicate that in the context where prosurvival signals derive from other oncogenes, NF-κB functions as a tumor suppressor (15) .
The molecular mechanism underlying the tumor suppression function of NF-κB in vivo observed in this study ( Figure 5) is not clear. Our data indicate that blocking NF-κB activation in colon carcinoma cells does not alter tumor cell response to LTβR agonist mAb-induced growth inhibition in vitro but increases colon carcinoma cell metastatic potential in vivo (Figures 5A and 6) . Although both the canonical and alternate NF-κB pathways do not affect LTβR-mediated tumor growth inhibition in vitro (Supplementary Figure 4 , available at Carcinogenesis Online), we have recently shown that the canonical NF-κB functions as a transcription activator of death receptor Fas in both human colon carcinoma cells and mouse embryonic fibroblasts and promotes Fas-mediated apoptosis (25) . Our recent study has also shown that CT26 cells induce FasL activation on tumor-infiltrating CTLs in vivo (60) . Therefore, it is possible that blocking NF-κB activation in CT26 cells might diminish CT26 cell sensitivity to apoptosis induction by FasL on tumor-specific CTLs, resulting in increased tumor metastatic potential, which remains to be determined. 
